Here we report a peptide-MHC (pMHC) dodecamer as a "next generation" technology that is a significantly more sensitive and versatile alternative to pMHC tetramers for the detection, isolation, and phenotypic analysis of antigen-specific T cells. In particular, dodecamers are able to detect two-to fivefold more antigen-specific T cells in both human and murine CD4
Here we report a peptide-MHC (pMHC) dodecamer as a "next generation" technology that is a significantly more sensitive and versatile alternative to pMHC tetramers for the detection, isolation, and phenotypic analysis of antigen-specific T cells. In particular, dodecamers are able to detect two-to fivefold more antigen-specific T cells in both human and murine CD4
+ and CD8 + αβ T-cell compartments compared with the equivalent tetramers. The low-affinity, tetramernegative, dodecamer-positive T cells showed comparable effector cytokine responses as those of high-affinity, tetramer-positive T cells. Dodecamers are able to detect early stage CD4 + CD8 + double-positive thymocytes on which T-cell receptors are 10-to 30-fold less dense than mature T cells. Dodecamers also show utility in the analysis of γδ T cells and in cytometry by time-of-flight applications. This construct has a simple structure with a central scaffold protein linked to four streptavidin molecules, each having three pMHC ligands or other molecules. The dodecamer is straightforward and inexpensive to produce and is compatible with current tetramer technology and commercially available streptavidin conjugates.
peptide-MHC | dodecamer | avidity | antigen-specific T cell T -cell receptors (TCRs) detect antigens in the form of peptides bound to peptide-major histocompatibility complex (pMHC) molecules on the surface of antigen-presenting cells. TCR-pMHC interactions determine the selection, development, differentiation, fate, and function of a T cell. However, TCRs bind monomeric pMHCs with very low binding affinities (K d , ∼1-200 μM, 1,000-to 200,000-fold weaker than a typical antibody-antigen interaction) and with fast dissociation rates (k off , ∼0.05 s −1 ) in solution (1) . To increase the binding avidity and circumvent the problem of fast dissociation, we previously engineered a pMHC tetramer to detect antigen-specific T cells by conjugating four biotinylated pMHC monomers to a single fluorescent-labeled streptavidin (2) . This fulfilled a critical need in both basic and clinical immunology to be able to identify and characterize often very rare specific T cells in a population. Subsequent improvements in sensitivity, manufacture, and combinatorial labeling have made this methodology even more useful (3) (4) (5) (6) (7) . However, there is a sharp drop-off in tetramer binding in the lower affinity range (∼150 μM) (8) so there have been a number of higher valency alternatives including pentamers (ProImmune), lipid vesicles (9), octamers (10), dextramers (11) , and quantum dot (QD)-based multimers (12) . Some of these clearly have improved sensitivity, and this is important in detecting T cells with especially low affinities (13, 14) . For example, naive T cells and thymocytes, which express lowlevel and/or low-affinity TCRs, show little-to-no tetramer staining. Furthermore, αβ T cells and γδ T cells that do not bind antigen-specific tetramers can still produce significant antigenspecific cytokine responses (15, 16) . MHC class II tetramers are also problematic in cytometry by time-of-flight mass spectrometry (CyTOF), which is an advanced version of flow cytometry that can simultaneously measure more than 40 parameters on single cells (17) . The extensive washing steps, harsh fixation conditions, complicated sample injection process, and sensitivity of the timeof-flight mass spectrometry make the low-avidity MHC class II tetramers unsuitable for CyTOF studies.
To augment the avidity of the tetramer, we have engineered a biotinylated scaffold protein linked to four streptavidin tetramers, each capable of binding three biotinylated pMHC monomers. We then used the resulting dodecamer (Greek for "12") to detect low-affinity αβ and γδ T cells in blood and tissue samples from humans and mice. Compared with tetramers and at least some multimers, this construct has better sensitivity, stronger signal strength, higher binding avidity, and a much slower dissociation rate. For the various specificities that we have analyzed, it can identify two-to fivefold more specific T cells than an equivalent tetrameric reagent.
Results
Dodecamer Construction. To overcome the limitations of current tetramer technology, we aimed to engineer a dodecamer with higher avidity to detect and quantify antigen-specific T cells, especially rare and low-affinity ones. To accomplish this, we added a cysteine residue at the C terminus of an inactive streptavidin subunit that has no biotin binding sites (18) . After expression, refolding, and purification, a tetrameric scaffold protein was assembled bearing four terminal cysteines, which were subsequently biotinylated
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The recognition of foreign peptide-MHCs by T cells is a central event in adaptive immunity that triggers antigen-specific immune responses against infections and cancer. To study antigen-specific T cells, we devised a peptide-MHC dodecamer that can sensitively detect and specifically stain these T cells, especially low-affinity and rare ones. This dodecamer technology is superior to most current peptide-MHC multimers, compatible with existing reagents, inexpensive to make, and easy to use. It has been successfully applied to studies of human and murine antigen-specific αβ and γδ T cells by flow cytometry and mass cytometry. Thus, this dodecamer constitutes an important tool for the investigation of antigen-specific T cells in basic and clinical research. To whom correspondence may be addressed. Email: mmdavis@stanford.edu or huangjun@ uchicago.edu. by 1-Biotinamido-4-[4′-(maleimidomethyl)cyclohexanecarboxamido]butane (BMCC-biotin) (molecular weight: 534). The scaffold protein with four biotin sites is the centerpiece of the dodecamer. As illustrated in Fig. 1A , a biotinylated scaffold protein associates with four commercial or homemade fluorescent/metal-labeled streptavidin molecules, each of which further associates with three biotinylated pMHC monomers. Thus, a biotinylated scaffold protein allows the formation a pMHC dodecamer. The expression and biotinylation of the scaffold protein were confirmed by SDS/PAGE. This tetrameric scaffold protein has a molecular weight of ∼53.4 and ∼55.5 kDa before and after biotinylation (Fig. 1B) . Consistently, a monomeric subunit has a molecular weight of ∼13.3 and ∼13.9 kDa before and after biotinylation (Fig.  1C) . The increase in the molecular weight of the scaffold protein in both the tetrameric and the monomeric forms is consistent with the expected results ( Fig. 1 B and C) .
Comparison of Dodecamers to Different Multimer Formats. We first tested the functionality of our newly engineered dodecamers labeled with different fluorophores. The purified scaffold molecule was incubated with commercially available phycoerythrin (PE)-labeled streptavidin or Alexa555 (A555)-labeled streptavidin, and then incubated with biotinylated pMHC monomers containing specific moth cytochrome c (MCC) peptide (19) or control human class II-associated invariant chain peptide (CLIP) to form pMHC dodecamers. Dodecamers labeled with either the large fluorescent protein PE (∼250 kDa) or the small fluorescent dye A555 (∼1 kDa) specifically stained antigen-specific naive T cells in preparations of transgenic 5C.C7 splenocytes. The PE-labeled dodecamer gave ∼10 times better signal than the A555-labeled dodecamer as illustrated in Fig. 2A and Fig.  S1A . This is expected because PE is a large fluorescent protein consisting of multiple fluorescent units whereas A555 is a small, singly fluorescent molecule. Both control dodecamers produced negligible nonspecific staining (Fig. 2 A and B) . These data show that the dodecamer is compatible with different types of fluorophores for detecting antigen-specific T cells. We next compared dodecamers with tetramers. As shown in Fig. 2C , dodecamers gave a fivefold better signal than tetramers. Dodecamers yielded minimal background staining at 4°C, comparable to tetramers over a broad range of concentrations ( Fig. 2 C and D and Fig. S1B ). We next compared dodecamers with dextramers ( Fig. 2 E and F) . Dextramers are hetereogeneous mixtures of polymers of different sizes conjugated to pMHC molecules. Unlike dextramers, dodecamers have a defined structure that allows precise calculation of their molar concentration to quantitatively study antigen-specific T cells. To directly compare dodecamer and dextramer staining, we had to rely on the molar concentration of the fluorescent streptavidin that was conjugated to these two multimers. Here we found a slight advantage in staining intensity (∼20%) versus dextramers over a range of concentrations ( Fig. 2 E and F and Fig. S1C ). Finally, we compared dodecamers with QD-based multimers. We generated QD multimers by incubating QD-streptavidin conjugates with biotinylated pMHC monomers. We found that dodecamers stained significantly better than QD multimers. In addition, we observed that QD multimers produced high levels of nonspecific staining, whereas the level of nonspecific staining with dodecamers was negligible ( Fig. 2 G and H and Fig. S1D ). Overall, pMHC dodecamers gave excellent results.
Binding Properties of Dodecamers. To evaluate the binding stability of pMHC dodecamers, we measured the apparent dissociation rates of a tetramer and a dodecamer. For 5C.C7 naive T cells, a tetramer binds TCRs with a half-life of 5 min, whereas a dodecamer binds TCRs with a half-life of 90 min (Fig. 3A) , which equates to a 16-fold slower dissociation rate for the dodecamer. This much slower dissociation rate is most likely responsible for much of the improved binding avidity of the dodecamer because most tetramer-dependent assays require much more than 5 min to execute. TCR-pMHC interactions are also highly dependent on temperature (20) , so we also tested the effect of temperature on pMHC multimer staining. We found that temperature influences the binding of both the dodecamer and the tetramer and that the temperature dependence positively correlates with the binding valency of the multimer. The temperature dependence of the dodecamer showed an inverted V shape. The dodecamer staining rapidly increases from 4°C to 20°C, peaks at 20°C, and then quickly decreases from 20°C to 37°C (Fig. 3B ). In comparison, tetramer binding is much less dependent on temperature. Tetramer staining slowly increases from 4°C to 25°C, peaks at 25°C, and then slightly decreases from 25°C to 37°C. The binding of both multimers decreases at temperatures exceeding 25°C, possibly due to TCR internalization, which occurs after T-cell activation dependent on the cytoskeleton. Because the cytoskeleton actively regulates TCR diffusion, binding, and internalization (21), we investigated the effect of latrunculin A, which disrupts actin filaments, on pMHC multimer staining. We found that latrunculin A significantly reduced the binding of both the dodecamer and the tetramer in a dose-dependent manner (Fig. 3C) .
Staining of Human αβ T Cells with Dodecamers. One important use of pMHC multimers involves the detection of antigen-specific T cells from human blood samples. Tetramer staining has been the primary method for this over the past decade. To increase the efficiency of detection, T cells are usually purified from peripheral blood mononuclear cells (PBMCs), and the rare antigenspecific T cells are further enriched after tetramer staining (6, 7, 22) . Dodecamers can also be used for T-cell enrichment, especially for rare and low-affinity T cells, such as CD4 + T cells specific for influenza hemagglutinin (HA). Compared with tetramers, dodecamers significantly augmented the enrichment efficiency. For example, at 10 nM, dodecamers already could identify 0.92% antigenspecific T cells, but at 150 nM, tetramers could detect only 0.22% antigen-specific T cells. Dodecamers also had comparable nonspecific staining (as tetramers) for T-cell enrichment (Fig. 4A) . For high-frequency antigen-specific T cells, dodecamers may even eliminate the need for enrichment in some cases, allowing direct staining and detection of antigen-specific T cells from human PBMCs at 4°C (we have found that multimer staining generates higher backgrounds for human cells at room temperature) (Fig.  S2 ). As shown in Fig. 4B , cytomegalovirus (CMV)-specific CD8 + T cells were easily detected by a cognate HLA-A2:CMV dodecamer from human PBMCs without enrichment. However, these CD8 + T cells were undetectable by a cognate HLA-A2:CMV tetramer at low concentrations (1-10 nM) at 4°C (Fig. 4B) [Note that 
HLA-A2:CMV tetramer detected antigen-specific CD8
+ T cells at room temperature (Fig. S2B) ]. Meanwhile, a control HLA-A2: HIV dodecamer produced negligible nonspecific staining similar to that of a control HLA-A2:HIV tetramer (Fig. 4B) . Furthermore, the staining was specific to CD8
+ T cells, and we detected negligible nonspecific bindings to CD4 + T cells in the PBMCs (Fig. S3) . Overall, these results suggest that traditional tetramers may significantly underestimate the actual frequency of antigenspecific T cells in the repertoire, which might be physiologically important in maintaining and mediating the effector function and homeostasis of the adaptive immune system.
Detection of Rare and Low-Affinity T Cells by Dodecamers. Because a dodecamer has a much higher pMHC valency compared with a tetramer, and is also much larger, we tested whether a dodecamer is able to stain rare and low-affinity αβ T cells that are usually difficult to detect with tetramers, such as thymocytes. The binding affinity of thymocytes has been generally recognized as a key determinant for T-cell selection (23). However, immature, "doublepositive" CD4 +
CD8
+ thymocytes express 10-to 30-fold lower levels of TCR than mature T cells and consequently are refractory to tetramer staining (24) . As expected, cytochrome c/I-E k tetramers showed minimal staining of 5C.C7 TCR + CD3 + thymocytes even when used at high concentrations (∼90 nM) (Fig. S4 ). In contrast, the dodecamer specifically stained 5C.C7 TCR + CD3
+ thymocytes even at low concentrations (∼10 nM) (Fig. S4) . We further analyzed the CD4 + CD8 + double-positive thymocyte population (Fig. S5) . The dodecamer readily stained the rare and low-affinity CD4 + CD8 + thymocytes, which were undetectable using the tetramer reagent (Fig. 5A and Fig. S5G ). We further used this dodecamer to detect antigen-specific 5C.C7 β-chaintransgenic splenic T cells and thymocytes, which all express the same TCRβ chain together with different TCRα chains (24) , leading to differences in TCR affinity. Compared with the tetramer, the dodecamer detected significantly more specific cells in 5C.C7 β-chain naive T cells (Fig. S6A) , TCR + CD3 + thymocytes (Fig. S6B) , and CD4 + CD8 + thymocytes (Fig. 5B) . These data further indicate the utility of dodecamers in identifying populations of specific T cells that have been difficult to study because of low TCR densities or avidities.
γδ T cells are a small subset of T cells that express γδ TCRs on their surface. We have also used dodecamers to successfully stain a T-cell line expressing δγ TCRs. We first compared staining with dodecamers to staining with tetramers. As expected, dodecamers stained γδ TCR-expressing T cells much better than tetramers (Fig. S7) , which is consistent with our previous results for αβ T cells (Figs. 2-5 ). We further compared staining by dodecamers versus dextramers. Both dodecamers and dextramers showed comparable staining intensities (Fig. S8 : compare top two rows), although dodecamers had the added benefit of less nonspecific binding (Fig. S8 : compare bottom two rows).
Application of Dodecamers to Single-Cell Mass Cytometry. Singlecell mass cytometry, also known as CyTOF, is a new type of flow cytometry in which antibodies coupled to heavy metal isotopes are used to stain molecules of interest on cells (17, 25) . CyTOF can simultaneously measure more than 40 parameters on a single cell without the problem of overlapping excitation and emission spectra that is inherent to conventional fluorescence-based flow cytometry (17, 25) . Although we had some success in using MHC class I tetramers to analyze CD8 + T cells by CyTOF (6, 17) , the detection of antigen-specific CD4 + T cells using MHC class II tetramers has been variable, possibly due to the harsh experimental conditions needed for CyTOF measurements, such as extensive washing, cell fixation, and the complex sample introduction system of the machine. The high binding avidity of dodecamers may overcome these barriers, so we tested the application of dodecamers in CyTOF. 5C.C7 splenocytes were incubated with metal-labeled MHC class II tetramers or dodecamers and then analyzed by high-throughput single-cell CyTOF (Fig. S9) . Dodecamers can readily stain antigen-specific 5C.C7 naive T cells with high specificity (Fig. 6  A and B) . Consistent with the results obtained by conventional flow cytometry, dodecamers stained significantly better than tetramers in CyTOF. The staining of the 20-nM dodecamer is better than that of the 100-nM tetramer in CyTOF (Fig. 6 A  and B) . Furthermore, to evaluate the function of low-affinity T cells detected by dodecamers but missed by tetramers, we sorted tetramer (+) T cells (Fig. S10A ) and tetramer (−) dodecamer (+) T cells (Fig. S10B ) from the splenocytes of a 5C.C7 β-chain mouse using flow cytometry. Sorted T cells were stimulated by either MCC peptide-pulsed CH27 cells (Fig. 6C ) or phorbol 12-myristate 13-acetate (PMA)/Ionomycin (Fig. 6D) and then stained by ten metal-labeled antibodies to detect the effector cytokines. Tetramer (−) dodecamer (+) T cells showed a comparable cytokine expression profile to that of tetramer (+) T cells ( Fig. 6 C and D and Fig. S10 C-F) . The data highlighted the functional importance of low-affinity T cells missed by tetramers. Thus, dodecamers should be useful in CyTOF-based studies for detecting, phenotyping, quantifying, and analyzing antigen-specific T cells.
Discussion
Peptide-MHC tetramers have had a major impact on the analysis of T cells in a wide variety of applications (26) . Although various pMHC multimers have been developed, such as dimers, pentamers, octamers, dextramers, and polymers (13, 14) , tetramers remain the most common reagents for the profiling of antigen-specific T cells, mainly due to their simple structure, relatively high binding avidity, and low nonspecific staining. The development of T-cell enrichment methods in conjunction with advances in flow cytometry has further enabled the study of antigen-specific T cells using pMHC tetramers (13) . However, tetramer technology is not perfect. The performance of tetramers has been less than adequate in the detection of antigen-specific CD4 + T cells, low-affinity αβ T cells, and rare γδ T cells, especially when analyzed by CyTOF (13, 14) . In these cases, the binding avidity of tetramers is probably insufficient. The maximum valency of a tetramer is four, but it is likely that only three would be able to bind TCRs on the cell surface at any one time because of the fourfold symmetry of the streptavidin molecule (27). To increase this sensitivity, we have engineered a pMHC dodecamer, which has a maximum valency of 12 peptide-MHCs. This construct shows excellent sensitivity, high binding avidity, slow dissociation kinetics, and low background staining. It has a relatively simple structure and retains important features of a tetramer. Recent advances in MHC tetramer technology, such as photocleavable peptide exchange (28), tetramer-guided epitope mapping (29) , T-cell enrichment (7, 22) , antibody stabilization staining (30) , and combinatorial staining (5, 6), can be easily used with dodecamer reagents. We can also make dodecamers for nonclassical MHC molecules and non-MHC molecules (13) . The dodecamer is compatible with commercially available fluorescent/metal-labeled streptavidin, is easy to manufacture, and has advantages over standard tetramers and other multimers for many applications. MHC class I tetramers have been successfully applied to the study of CD8
+ T cells. However, it has been difficult to apply MHC class II tetramers to the study of CD4 + T cells because it is more difficult to produce MHC class II molecules and the binding of the coreceptor CD4 to MHC class II is very weak (31, 32) . To quantify rare naive antigen-specific CD4 + T cells in the T-cell repertoire, Jenkins and colleagues used an enrichment technique (7) initially developed by Wucherpfennig and colleagues (22) . This gave important insights into a critical part of the repertoire (7). For cells from all sources, the greatly enhanced stability of dodecamers will make the enrichment protocol more efficient (Fig. 4A) in capturing low-frequency and lowaffinity CD4 + T cells. For cells from transgenic mice, our dodecamer technology can even bypass these very demanding cell enrichment steps and directly stain both monoclonal and polyclonal antigenspecific CD4
+ naive T cells (Figs. 2 and 3 ), CD3
+ TCR + thymocytes (Fig. S4 and Fig. S6B ), and even CD4 + CD8 + double-positive thymocytes (Fig. 5 ) from a large pool of different cells without any T-cell-enriching steps. Clearly, the high-binding valency of dodecamers compensates for the low affinity of TCRs and the weak binding of the CD4 coreceptor. Dodecamers also have significant advantages over most other multimers such as dextramers and QD multimers. Compared with dextramers, dodecamers have only a modest staining advantage (Fig. 2 E and F) but less nonspecific binding (Fig. S8) . Compared with QD multimers, dodecamers are superior in both staining intensity and background (Fig. 2 G and H) .
We have successfully used dodecamers to stain antigen-specific γδ T cells and human CD4
+ and CD8 + αβ T cells with significantly improved sensitivity over tetramers in flow cytometry (Fig. 4 and  Figs. S2, S7, and S8) . Dodecamers also showed significant advantages over tetramers in CyTOF applications (Fig. 6 A and B) . Furthermore, using FACS we have purified low-affinity T cells by dodecamers that were missed by tetramers (Fig. S10 A and B) . The low-affinity tetramer (−) dodecamer (+) T cells showed comparably strong cytokine expression as the high-affinity tetramer (+) T cells in a CyTOF-based multiplex cytokine analysis (Fig. 6 C and D and Fig. S10 C-F) . These data highlight the functional importance of lower-affinity T cells that escape detection by tetramers. These experiments demonstrate the great potential of dodecamers in the analysis of antigen-specific T cells in both flow cytometry and mass cytometry.
Because pMHC dodecamers can effectively identify functionally important, low-affinity T cells missed by tetramers (Fig. 6 C and  D) , we also think that pMHC dodecamers will be applied to the studies of other low-affinity T cells, such as those that typically predominate in tumor-specific responses and autoimmune diseases, which escape detection by traditional tetramer staining (13, 14) . Recently, a similar construct (33) was reported that was able to stimulate T-cell activation, similar to what has been described previously for tetrameric reagents (13, 14) . Therefore, we expect that the dodecamers described here can also be used to manipulate T-cell responses in vivo and in vitro and to develop dodecamer-based targeted immunotherapy. Other variations along these lines might involve putting two different pMHCs on one construct or mixing biotinylated costimulatory molecules together with specific pMHCs.
Materials and Methods
Engineering of a Scaffold Protein. A single cysteine was added at the C terminus of an inactive streptavidin subunit that has no biotin-binding site using a site-directed mutagenesis kit (Agilent) to create a scaffold protein monomer. Scaffold protein monomer was expressed in BL21 Escherichia coli as described (18) and refolded to form a tetrameric scaffold protein tagged with four cysteines, which was purified by fast protein liquid chromatography (FPLC). The four cysteines on a tetrameric scaffold protein were biotinylated using maleimide chemistry with EZ-Link BMCC-Biotin (Thermo Scientific). Briefly, cysteine-tagged scaffold protein was treated with 10 mM Tris(2-carboxyethyl)phosphine for 10 min and followed by incubation with BMCC-Biotin at a 1:100 molar ratio overnight at room temperature. Excess BMCC-Biotin was removed using 7K MWCO Zeba Spin Desalting Columns twice (Thermo Scientific). The biotinylation efficiency was tested using a Pierce Fluorescence Biotin Quantitation Kit (Thermo Scientific), and it was found that the biotin/scaffold protein ratio was ∼3 in a typical experiment. The biotinylation efficiency can be further improved by optimizing experimental conditions. Biotinylated scaffold protein was further purified by FPLC and then analyzed by SDS/PAGE.
Generation of pMHC Dodecamers and Other Multimers. In most cases, to perform simple cell-staining experiments, biotinylated scaffold protein was mixed and incubated with fluorescently labeled streptavidin at a molar ratio of 1:4 for 1 h at room temperature, followed by incubation with biotinylated pMHC at a molar ratio of 1:12 for an additional hour at room temperature. Such a process is straightforward and easy to use; however, it led to the formation of a mixture of multimers with different binding valencies due to the uncompleted biotinylation of scaffold proteins and the binding kinetics of biotin-streptavidin interactions. In some experiments [such as dissociation assays (Fig. 3A) ], to make dodecamers, biotinylated scaffold protein was mixed with fluorescently labeled streptavidin at a molar ratio of 1:20, and the pentameric molecular complex was purified using FPLC before the addition of biotinylated pMHC. To generate QD multimers, streptavidin-conjugated QD605 was incubated with biotinylated pMHC at a 1:28 molar ratio for 1 h at room temperature. To generate pMHC dextramers, fluorescently labeled streptavidin was incubated with biotinylated pMHC monomers at a molar ratio of 3.5:1. After 1 h at room temperature, biotinylated dextramer was added at a molar ratio of 60:1, and the mixture was incubated for 1 h or longer at room temperature before use. PE-labeled streptavidin was purchased from eBioscience and Alexa-labeled streptavidin was purchased from Thermo Fisher Scientific. stained at 4°C although some were stained at other temperatures. To test the effect of temperature on pMHC multimer staining, mouse cells were incubated for 1 h in a thermocycler at the indicated temperatures. In experiments with latrunculin A, mouse cells were pretreated with latrunculin A (0.1-10 μM) for 1 h and then stained with pMHC tetramers or dodecamers and the mouse antibody mixture for 1 additional hour at room temperature (22°C). Cells were washed and analyzed on a BD LSR II flow cytometer. To measure the dissociation rates of tetramers and dodecamers, 5C.C7 splenocytes were incubated with a 100-nM Alexa488-labeled tetramer or dodecamer for 1 h at 22°C in the presence of PE-labeled anti-CD8, APC-Cy7-labeled anti-CD4, Alexa700-labeled anti-CD3, pacific blue-labeled anti-CD19, anti-CD11b, anti-CD11c, anti-Gr1, anti-F4/80, and aqua live/dead cell stain. Cells were pelleted and resuspended in 200 μL FACS buffer in the presence of 100 μg/mL 14.4.1 anti-I-E k MHC antibody on ice (35) . The fluorescence intensities of 10,000 cells were measured at different time points after adding the anti-I-E k MHC-blocking antibody. Flow cytometry data were analyzed by FlowJo software. A first-order decay kinetic model was used to fit the mean fluorescence intensities at different time points and to obtain the off-rate, k off , and the half-life, t 1/2 (34).
Mass Cytometry. Biotinylated I-E k was refolded with either MCC peptide or CLIP peptide. For dodecamerization, biotinylated scaffold protein was incubated with metal-labeled streptavidin (1:4 molar ratio) for 1 h followed by incubation with pMHC monomers (1:12 molar ratio) for 1 more hour at room temperature. Tetramers were prepared as described (6) . Each pMHC multimer was barcoded with two different metal labels. 5C.C7 mouse splenocytes were incubated with 1% anti-CD16/CD32 Fc blocker, 10% (vol/vol) rat serum, and 10% (vol/vol) syrian hamster serum on ice for 30 min; stained by dodecamers or tetramers for 1 h at room temperature; and then incubated with a metal-labeled antibody mixture including anti-TCRβ (Nd143), anti-CD3 (Sm154), anti-CD4 (Nd146), anti-CD8 (Sm149), anti-CD11b (Eu153), anti-CD11c (Sm152), anti-CD19 (Cd112 and Cd114), anti-Gr1 (Nd145), and anti-F4/80 (Tb159). Splenocytes were washed with CyFACS buffer and stained with metal-labeled live/dead (La139) medium for 20 min on ice (6) . Splenocytes were washed and fixed in 2% paraformaldehyde CyPBS for 1 h on ice. After treatment with permeabilization buffer (eBioscience), cells were washed, resuspended in milliQ water, and analyzed by CyTOF.
Multiplex Cytokine Analysis. Splenocytes were isolated from 5C.C7 single β-chain transgenic mice, and cells were stained with APC-Cy7-labeled anti-CD19, anti-CD11b, anti-Gr-1, and anti-F4/80 antibodies followed by anti-APC magnetic beads for cell selection. Positively selected cells were eluted and stained with aqua live/dead cell stain and pacific blue-labeled anti-TCRβ antibody. Aqua (−) pacific blue (−) APC-Cy7 (+) cells were sorted as antigenpresenting cells. Negatively selected cells were stained with aqua live/dead cell stain, pacific blue-labeled anti-TCRβ antibody, FITC-labeled anti-CD4 antibody, and PE-labeled tetramer (90 nM). Aqua (−) APC-Cy7 (−) pacific blue (+) FITC (+) PE (+) cells were sorted as tetramer (+) T cells (Fig. S10A) . The rest of the T cells were further stained with PE-labeled dodecamer (90 nM). Aqua (−) APC-Cy7(−) pacific blue (+) FITC (+) PE (+) cells were sorted as tetramer (−) dodecamer (+) T cells (Fig. S10B) . Sorted T cells were expanded in vitro by coculturing with antigen-presenting cells (1:1 ratio), 1 μM MCC peptides, and 100 U/mL IL-2 for 4 d. Expanded T cells were washed and further cultured with 100 U/mL IL-2 for 24 h, followed by cell ficoll and wash.
To evaluate the cytokine expression, T cells were stimulated with either 1 μM MCC peptide-pulsed CH27 cells (1:1 ratio) or PMA/Ionomycin in the presence of protein transport inhibitor mixture (eBioscience) for 4 h. Stimulated cells were intracellularly stained with a metal-labeled antibody mixture including TCRβ (Pr141), IL-10 (Nd150), IL-2 (Gd155), IL-4 (Gd157), TNF-α (Dy162), IL-6 (Dy163), IFN-γ (Ho165), IL-17 (Er166), Granzyme B (GZMB) (Yb171), and Perforin (PRF) (Yb172) antibodies and then analyzed by CyTOF (Fig. S10 C-F) .
